Abstract. The paper discusses the results of the research into the formation of ion-plasma multiphase coatings. The types of the formed structures are found to be not so diverse, as those formed, for example, in alloy crystallization. The structures observed are basically of globular type and, more rarely, of unclosed dissipative and cellular structures. It is shown that the properties of the coating formed in deposition are largely determined by its surface energy or surface tension. Since the magnitude of the surface tension (surface energy) in most cases is an additive quantity, each of the elements of the coating composition contributes to the total surface energy. In case of simultaneous sputtering of multiphase cathodes, high entropy coatings with an ordered cellular structure and improved mechanical properties are formed.
Introduction
The microstructure of single-phase films can be described qualitatively well using models proposed by Movchan and Demchishin, and Thornton [1, 2] . However, if the film is doped with impurities, these models greatly change. The columnar microstructure typical mainly of single-phase films completely changes in films with an average and high impurity content. This fact is described by the model developed by Barna and Adamik [3] .
To obtain nanocomposites with plasma deposition methods, the multicomponent flows are to be deposited on the substrate. In most cases, the coating of a complex elemental composition is synthesized through layering or simultaneous deposition of the flows on a substrate in reactive gas atmosphere from sources: ion [4] , magnetron [5] , vacuum arc [6] , and their combinations thereof. [7] The paper presents the experimental data on the structure of multi-phase coatings and their properties. The results obtained are discussed in terms of the role of the surface tension in formation of the coatings.
Experimental
In the research, the Zn-Al, Al-Fe, Zn-Cu-Al, Mn-Fe-Cu-Al and Cr-Mn-Si-Cu-Fe-Al composite cathodes prepared by induction melting were used to deposit coatings. The technique of simultaneous sputtering of different cathodes in argon and nitrogen atmosphere was used as well.
The thickness of the coatings and their elemental composition were measured using an electron microscope 200 Quanta 3D. The phase composition and structural parameters of the samples were studied by means of the diffractometer XRD-6000 with CuKα-radiation. The phase composition, size of the coherent scattering regions and internal elastic stresses (Δd/d) were analyzed using PCPDFWIN and PDF4+ databases and the POWDER CELL 2.4 software was used for a full-profile analysis. The Р е п о з и т о р и й К а р Г У nanohardness of the coatings was determined with the nano-identification system by the Oliver-Pharr method with the Berkovich indenter under a load of 1 g and the time of exposure of 15 s. Figures 1 and 2 show the images of Zn-Al and Fe-Al two-phase coatings obtained with an atomic force microscope. In the first case, the structure is globular, and in the second one, the structure is unclosed dissipative. We suppose that this difference in the structure of the coatings is caused by the difference in the surface tension of the basis metals of these coatings. According to the classical theory, the nucleation of a new phase in from the metastable phase is regarded as a fluctuation process [10] . In this case, the work of the spherical nucleus formation is
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where M is molecular weight,  is nucleus density, q is heat of fusion, T 0 is the equilibrium temperature of the two phases of infinite radius.
From the last expression it follows that the work of the globule formation is proportional to the cube of the surface tension. This indicates the importance of considering the surface tension of the components in plasma coating formation. Figure 3 shows the structure of the coating prepared by simultaneous sputtering of Cr-Mn-Si-CuFe-Al and titanium cathodes in nitrogen atmosphere. The results of the study of the phase composition and structural parameters of the sample are shown in Table 1 . The nanohardness of Cr-Mn-Si-Cu-Fe-Al+Ti coating in nitrogen gas environment is 7.413 GPa. For 12X18H10T+Ti coating in nitrogen gas environment, the nanohardness is very high and is equal to 35.808 GPa. For comparison, Table 2 shows the nanohardness values for the most solid materials. Thin film Ti-Si-N 28.4 295 62
The comparison shows that the nanohardness of 12X18H10T+Ti coating in nitrogen atmosphere exceeds that of all the materials in Table 2 , among which the last three materials are used as abrasive and hardening coatings. The nanohardness of Cr-Mn-Si-Cu-Fe-Al+Ti coating in nitrogen gas environment is almost 2 times higher than that of the pure titanium (H = 4.1 GPa) and close to the nanohardness of the multilayer film Ti/-C:Н. Figure 3 shows the cellular structure of the coating. The same structure can also be observed for 12X18H10T+Ti coating in nitrogen atmosphere. A cellular substructure is often formed during 3 Р е п о з и т о р и й К а р Г У solidification as a result of the concentration supercooling [12] . If in formation of a cellular structure the zone of liquid melt enriched with impurities occurs at the crystallization front, the emergence of the impurity segregation at the cell boundaries can be attributed to the lateral impurity diffusion flux from the top of the growing projection. This model can be used to explain the observed cellular nanostructures with titanium nitride as a dopant. However, the cause of self-organization of the crystallizing melt on the substrate surface is to be found.
To address the issue of self-organization of structural units of the coating, consider the Bénard cell model. The Bénard cell phenomenon is the emergence of self-organization of convection cells in the form cylindrical shafts or regular hexagonal patterns in the layer of viscous fluid with a vertical temperature gradient [13] . Benard cells are one of the three standard examples of self-organization, along with the laser and the Belousov-Zhabotinsky reaction [14] . The temperature gradient is the governing parameter of self-organization.
More strictly (see, as an example, [13] ) in the analysis of processes in the Bénard system, the governing parameter is the Rayleigh number:
where g is gravitational acceleration, L is the characteristic size, b is the coefficient of volumetric expansion, dT is the temperature gradient, ν is kinematic viscosity, and a is the coefficient of thermal conductivity.
Since the kinematic viscosity ν ~ 1/σ, σ is surface tension, then the above expression for the Rayleigh number indicates that in this case (and presumably in the case of the Bénard process), surface tension is the governing parameter. Thereby, we return to the issues discussed above.
The above consideration on the formation of the plasma coating structure points out a more complicated situation than it might appear at first sight. Consider this issue at another angle, namely, using the model of dislocation cell structure (DCS). Inelastic deformation of crystals (and coatings) accompanied by the formation of the deformation relief on their surface, which reflects the process of deformation localization at meso-, micro-and nanoscale levels. Dislocation cell structure starts to form in a deformed crystal at the end of the second stage and at the beginning of the third stage of strain hardening of metals, and finishes at the end of the third stage (see [15] and references therein). In further deformation, a fragmented dislocation structure is formed (FDS) (at the fourth and fifth stages of strain hardening).
DCS is considered to be the process of self-organization of dislocations under multiple slip. For its occurrence, the specific criteria (as in the case of Bénard cells) binding together the coefficients of multiplication, immobilization, and dislocationannihilation are to be met.
In ion-plasma coating and coating cooling, stress states are formed in the latter [16] . These stress states can be the sources of dislocation propagation throughout the volume of the deposited coating. A sharp increase in microhardness of the formed film is the result of dislocation hardening the coating material. [17] . In [18], a sharp increase in microhardness was observed under ion-plasma deposition of high entropy alloys in nitrogen atmosphere.
Conclusion
From the results of the research into the formation of multiphase coatings we may draw the following conclusions:
 types of structures formed in ion-plasma deposition of coatings are not as diverse as, for example, in alloy crystallization. Basically, it is a globular structure and, rarely, unclosed dissipative and cellular structures;
 physical properties of the coatings can significantly vary depending on their composition of elements;
 since the value of the surface tension (surface energy) in most cases is an additive quantity, each element, being the part of the coating, contributes to the total surface energy;  in case of simultaneous multiphase cathode sputtering, high entropy coatings are formed. They possess an ordered structure and improved mechanical properties.
Thus, the general pattern obtained is as follows: multi-phase (multi-element) cathodes should be used for superhard nanostructured coatings, preferably in simultaneous sputtering.
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